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recombinant proteins fused to a 13-amino acid recognition 23 sequence called LAP (LplA acceptor peptide). 5 The advantages 24 of PRIME in comparison to other protein labeling methods are 25 the small tag size, compatibility with the interior of living cells, 26 and high labeling specificity. 6 27 In previous studies, uptake of the unnatural substrate by LplA 28 was achieved by mutation of a "gatekeeper" residue, W37, at the f1 29 end of the lipoic acid binding pocket ( Figure 1B ). Enlarging 30 this pocket, for example by a W37 → V mutation, allows LplA 31 to accept structures much larger than lipoic acid, such as the 32 blue fluorophore 7-hydroxycoumarin (HC) 2 ( Figure 1A, top) . 33 In the course of our screening, however, we discovered several 34 structures that are not accepted by W37 point mutants. One of 35 the most interesting examples is Pacific Blue (PB), 7 a 36 fluorophore that differs from HC only in the two fluorine 37 atoms at C6 and C8 of the coumarin ring ( Figure 1A, bottom) . 38 Because of these two electron-withdrawing fluorines, PB has a 39 reduced 7-hydroxyl pK a of 3.7, compared to 7.5 for HC, 7 and is 40 therefore fully anionic and fluorescent at physiological pH (7.4) 41 as well as endosomal pH (5.5−6.5). In contrast, only ∼50% of 42 HC is in the anionic and fluorescent form at pH 7.4, and it is 43 mostly protonated and hence nonfluorescent in acidic endo- 44 somes. 45 We hypothesized that PB is not recognized by HC's ligase, 46 W37V LplA, and other W37 point mutants because its negative charge clashes with the mostly hydrophobic binding pocket of 48 LplA. 8 In addition, near the W37 gatekeeper residue at the end 49 of the lipoic acid binding tunnel is a negatively charged side 50 chain, E20, that may electrostatically repel PB 8 ( Figure 1B In-Vitro Screening of LplA Mutants (Figure 2A) . 86 Ligation reactions were assembled as follows for Figure 2A Figure S2 . The activity grid was generated with the following tiers: no activity, <25% conversion in a 12 h reaction, 25−50% conversion in a 12 h reaction, <25% conversion in 2 h reaction, 25−50% conversion in 2 h reaction, >50% conversion in 2 h reaction. (B) Quantitative product yields for the top five PB ligases in (A), after 45 min reaction with 500 μM of each probe. N.D. indicates not detected. The best LplA mutants for PB3, HC3, and HC4 are highlighted. Errors are reported as standard errors of the mean. (C) HPLC trace showing formation of LAP-PB3 conjugate, catalyzed by our best PB ligase, E20G/W37T LplA. The identity of the LAP-PB3 peak was confirmed by mass spectrometry, shown in Figure S3 . Traces below show negative control reactions with ATP omitted (red) or E20G/W37T LplA replaced by wild-type LplA (black).
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Article dx.doi.org/10.1021/bi201037r | Biochemistry XXXX, XXX, XXX−XXX C 208 probe in a 2 h reaction. As before, the E20 single mutants had 209 no detectable activity (Figure 2A) . The W37 single mutants 210 were minimally active with both PB probes, although high 211 activity was seen with HC3 and HC4. The best single mutant/ 212 probe pair was W37V LplA with HC4. 213 The LplA double mutants, however, had interesting patterns 214 of activity with PB. Although none of the mutants ligated PB4 215 efficiently, PB3 was ligated well by five double mutants ( Figure  216 2A; re-evaluated quantitatively in Figure 2B ). The best two 217 have the W37T mutation, suggesting that not only size 218 reduction but also polarity increase at this position is beneficial 219 for PB recognition. We noticed that the W37A mutation 220 performed poorly in the context of all double mutants for all 221 four probes, perhaps because it destabilizes the binding pocket. 222 The best E20 mutation to pair with W37T was Gly, perhaps 223 because it generates the most space and conformational 224 freedom. Together, our observations suggest that W37 and 225 E20 mutations work synergistically to allow PB uptake: W37 226 mutations enlarge the binding pocket, while E20 mutations 227 remove repulsive electrostatic interactions ( Figure 1C ). 228 We proceeded to fully characterize our best PB ligase to 229 emerge from this screen, E20G/W37T LplA. First, HPLC analysis of 230 the ligation reaction was repeated ( Figure 2C HEK cells expressing LAP-YFP-NLS (NLS is a nuclear localization signal) and PB ligase ( E20G/W37T LplA) were treated with PB3-AM 2 for 20 min, washed for 40 min, fixed with formaldehyde, and stained with anti-FLAG antibody to detect FLAG-tagged LplA. Images show PB labeling of transfected YFP-positive and FLAG-positive cells. The second row is a negative control with PB ligase replaced by wild-type LplA. The third row is a negative control with LAP-YFP-NLS replaced by a point mutant with a K → A mutation in LAP. (B) HeLa cells expressing vimentin-LAP and PB ligase ( E20G/W37T LplA) were labeled with PB3-AM 2 for 20 min, washed for 60 min, and then imaged live. Scale bars: 10 μm.
Article dx.doi.org/10.1021/bi201037r | Biochemistry XXXX, XXX, XXX−XXX D 263 visible within internalized puncta, whereas HC-tagged LAP4.2-264 LDL receptor is not. Separate experiments showed that many 265 of the PB-labeled internal puncta overlap with FM4-64, an 266 endosomal marker (data not shown).
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Intracellular Protein Labeling with Pacific Blue 268 Ligase. We tested PB ligase for labeling of intracellular 269 proteins in living mammalian cells. To deliver PB3 across the 270 cell membrane, we first protected the carboxylic acid and 7-271 hydroxyl groups of PB3 with acetoxymethyl (AM) groups to 272 give PB3-AM 2 (structure shown in Supporting Information). 273 Endogenous intracellular esterases remove the AM groups to 274 give PB3 inside the cell. 12 HEK cells were cotransfected with 275 plasmids for PB ligase and LAP-YFP-NLS (NLS is a nuclear 276 localization signal; YFP is yellow fluorescent protein). To 277 perform labeling, PB3-AM 2 was incubated with cells for 20 min, 278 and then the media was replaced 3 times over 40 min to allow 279 cells to pump out excess, unconjugated probe. The cells were 280 then fixed, and anti-FLAG immunostaining was performed to 281 visualize enzyme expression. As expected for specific labeling, 282 PB fluorescence overlaps well with the YFP fluorescence of 283 LAP-YFP-NLS ( Figure 4 ). PB is not seen in neighboring 284 untransfected cells. PB labeling is also absent when wild-type 285 LplA is used in place of PB ligase, or the LAP-YFP-NLS 286 contains a Lys → Ala mutation in the LAP sequence. To 287 illustrate generality, we also performed PB labeling in live cells 288 of vimentin-LAP, an intermediate filament protein (Figure 4B ). 289 ■ DISCUSSION 290 In this study, we identified an LplA double mutant capable of 291 recognizing and ligating a charged probe, Pacific Blue. Unlike 292 previous studies where simple enlargement of the binding 293 pocket via a point mutation at W37was sufficient to allow 294 recognition of large hydrophobic probes, the synergistic effect 295 of mutating both the E20 and W37 positions was required for 296 recognition of Pacific Blue. Guided by the LplA crystal 297 structure, we were able to create a small and focused library 298 of single and double LplA mutants to screen for the desired PB 299 ligation activity. No single mutation had significant activity, but 300 the augmentation of the most active W37 single mutants by 301 E20 mutations resulted in a kinetically efficient PB ligase. We 302 anticipate that these insights into the substrate binding pocket 303 of LplA will prove useful in future engineering efforts. The 304 engineered PB ligase has k cat and K M values similar to those of 305 our previously reported 7-hydroxycoumarin ligase. 2 PB ligase 306 also retained sequence specificity for LAP over all endogenous 307 mammalian proteins and could therefore be used for specific 308 protein labeling inside and on the surface of living mammalian 309 cells. 310 With this report, PRIME labeling can now be performed with 311 any of three coumarin probes: Pacific Blue, 7-hydroxycoumar-312 in, 2 or 7-aminocoumarin (AC). 9 The decision of which 313 coumarin to use is dependent on the specific application. HC 314 is the brightest of the three probes, followed by PB and then 315 AC due to its decreased extinction coefficient. 7,9 However, as 316 demonstrated here, PB and AC have the added benefit of pH 317 insensitivity, whereas the pK a of HC makes it unsuitable for 318 imaging in acidic organelles such as endosomes. 319 
